The effect of a metal's thermophysical properties on its weldability are examined. The thermal conductivity, melting point, absorptivity and thermal diffhsivity of the metal and the laser beam focused diameter and welding speed influence the minimum beam irradiance required for melting and welding. Beam diameter, surface tension and viscosity of the molten metzd affect weId pool stability and weld qwdity. Lower surface tension and viscosity increases weld pool instability. With larger beam diameters causing wider welds, dropout also increases. Effects of focused beam . diameter and joint fitup on weldability are also examined. Small beam diameters are sensitive to beam coupling problems in relation to fitup precision in addition to beam alignment to the seam. Welding parameters for mitigating weld pool instability and increasing weld quality are derived from the above considerations. Guidelines are presented for the tailoring of welding parameters to achieve good welds. Weldability problems can also be anticipated from the properties of a metal.
INTRODUCTION
Process development for the laser beam welding of metals has initially tended to be somewhat empirical in nature. This empiricism was perhaps caused by the initial lack of understanding of the process of the interaction of a laser beam with a metallic surface and the proper diagnostic tools. The most common quoted parameters have been the power of the laser beam used and the welding speed [1, 2] . Adjustment of these two parameters led to optimization of surface weld quality and subsequent characterization of the weld revealed the presence of porosities or cracks and change in microstructure. Tensile or formability tests may also be performed to determine weld strength and suitability for a particular application. Further experimentation led to the determination of helium as the optimal shielding gas with minimum plasma formation and the location of the beam focus below the workpiece surface for maximum weld penetration. Steel has been the primary subject of these early experimentation and weId quality obtained has been excellent for a wide range of process parameters. The laser beam welding of steel is a robust process and has consequently found converts even in the conservative automotive manufacturing area.
Modelling of the welding process has advanced considerably with general understanding of the formation and maintenance of keyhole with results that are in qualitative agreement with experimental observations [e.g., see 3]. However, fundamental understanding is still somewhat lacking. As an example of the state of understanding of the welding process is the welding of aluminum. Some researchers claim that the best welds are obtained by placing the beam focus above the surface while others claim that the focus should be below. Regardless, the concensus is that aluminum is much more difficult to weId than steeI. logical semi-empirical approach to attain a qualitative understanding of the welding process in regard to the interaction of process parameters and material properties. Consideration of metallurgical properties are also important to obtaining good welds avoiding porosities and cracking but are not considered in this paper.
Keyhole Welding
Keyhole welding is depicted in Fig.  1 . Most of the results that contributed to the understanding of keyhole welding has been obtained on steel, a material that has been proven to be easily weldable. Recent work with different metals has shown that quality welds require a more restrictive range of process parameters. If the effect of the thermophysical properties of metals on the keyhole process are better understood, process parameter development to produce quality welds would be facilitated.
Threshold Irradiance
The interaction of an intense laser beam with a surface to effect a weld is basically a problem in heat transfer. Consequently, the heat flux effected by the absorption of the laser beam energy and the conduction of heat by the metal are relevant parameters affecting the welding process. The heat flux is dependent on the beam kradiance (not power) and the effective absorptivity for the beam energy. Recently, a simple formulation for the threshold irradiance required for melting a surface was obtained [5] . Im, the threshold irradiance for melting is given by
where k is the thermal conductivity of the metal, T~elt and To are the melting and ambient temperatures, A is the absorptivity of the surface for the laser beam, and d is the beam diameter at the surface. Jmu has a value of 0.1 for a value of 0.01 of the ratio of the thermal diffusivity to the product of the beam velocity and diameter (cdvd). J~u increases approximately linearly to 0.51 where it stays approximately constant for (oYvd)>4. The irradiance for melting serves as a guide and a lower bound for the irradiance required for welding. It should be noted that a minimum irradiance of 10s Wcm-z is necessary to maintain the keyhole irrespective of 1~which may have a .
. significantly lower value when the absorptivity is high [6] . High beam irradiance is necessary for keyhole welding when absorptivity and beam diameters are small, and thermal conductivity and melting point are high. High irradiance is also necessary for high speed welds particularly when the thermal diffusivity is low. Higher weld penetration and short focal depth of optics used would also increase the irradiance necessary to weld.
Given a metal and its thermophysical properties, Eqn.
(1) provides a guide in the choice of the irradiance necessary to form a keyhole. Consequently, the laser beam spot size has to be determined in order to select the appropriate laser beam power. Careful considerations of the process parameters such as weld penetration and speed and optics used will usually give a better approximation for the irradiance. However, the beam irradiance incident on the surface is affected by the presence of the plasma and the weld quality obtained is influenced by the properties of the workpiece.
Shielding Gas and Plasma
Argon, and helium are the most commonly used inert shielding gas for laser welding to prevent oxidation of the weld metal. Carbon dioxide and nitrogen are not as desirable because dissociation of the molecules may result in reaction with the weld metal. For keyhole laser beam welding, beam irradiances exceed 0.5 MW cm-z and plasma is formed inside and above the keyhole [see 7].
Helium with an ionization potential of 24.58 eV results in a lower intensity plasma than when argon (15.76 eV) is used. The effective ionization potential of the shielding gas is lowered by the vaporization of metal atoms from the surface. However, for the same metal vapor fraction helium remains the best shielding gas. The plasma above the keyhole partially absorbs and defocuses the beam, retarding the absorption of beam energy by the keyhole. The plasma in the keyhole is of a higher temperature/intensity and aids in the absorption of the laser beam. The plasma intensity increases as a fimction of the wavelength of the laser beam used. Lower plasma intensities are obtained with NdYAG laser beams compared to C02 and less costly argon gas is frequently used for Nd:YAG welding without significant loss in weld penetration.
For optimal beam coupling or weld penetration, shielding gas for the top of the weld is delivered via a small nozzle such that the high velocity gas jet retards plasma formation [2] . In practice, the shielding gas can be configured as a cross jet at an angle to the horizontal in a leading or trailing edge configuration along the direction of welding, or transverse to the direction of welding, and as a coaxial flow with the laser beam (see Fig. 2 ). These different shield gas cotilgurations produce different weld penetrations under the same conditions of beam power and shielding gas flow [8] .
In the leading edge conilguration (Fig. 2a) , the plasma is blown towards the position to be welded in contrast to the trailing edge and transverse configuration where the plasma is blown away. Consequently, the latter two configurations are more effective in preventing plasma formation over the region to be welded and deeper welds are obtained. The weld penetrations obtained for different leading and trailing edge orientations of the cross jet is shown in Fig. 3 . The leading edge configuration results in approximately 0.5 mm lower penetration with no significant change in the weld width. The coaxial shielding gas configuration is also not as effective as the trailing edge or transverse configurations in plasma reduction but tends to produce a better shielding gas configuration. The cross jet configurations tend to entrain some of the ambient air and some oxidation may occur. For some sensitive alloys (e.g., aluminum and vanadium), a shielding shroud has been found to provide improved shielding [9] . Shielding for the bottom of full penetration welds may be required. Similar shielding gas configurations as discussed above may be applied but an effective method is the use of a groove below the joint that is flooded with helium or argon [8] . In the welding of alloys, some loss of a more volatile component may occur in the weld. This vaporized component (e.g., magnesium in 5000 series aluminum alloys, zinc in some magnesium allovs) is carried awav and cooled bv the shieldim Pas. The mamesium or zinc will condense and deph~t downstream~f the shieldi;g gas flow. % aluminum-or magnesium welds, the trailing edge conllguration forms a deposit on the weld surface resulting in a greyish dull surface whereas the transverse conf%zurationresults in a dark coatinz alonz one side of the weld [see Fig. 4N81 .
Beam Focus Position
Focused beams have the general characteristic of the smallest size at the focus and a depth of focus that increases with the beam quality and the focal length of the optics used. The focal spot size and depth of focus for circular beams are given by [ is f/D1. Consequently, the optimal location of the beam focus is below the surface at one half the desired weld penetration if the focused beam has an adequate depth of focus.
Recent data on the weldhw of aluminum has dated the beam focus above the surface 110-121. A mix of argon and helium"was found to resuk in better welds [12] . Others have fo&d tha~the conventional method of placing the beam focus below the surface produced more efficient welds with plasma suppression using helium [9, 13] . Analysis of the different results obtained indicate an interplay of the effects of plasma formation and beam irradiance on weldpool stability given the low viscosity and surface tension of molten aluminum. Having the beam focus above the workpiece surface produces a higher intensity plasma than below the surface. The plasma tends to reduce the beam irradiance to the surface. A blend of argon and helium will produce a higher intensity plasma than pure helium. If the original beam irradiance is high, reduction by the plasma will tend to improve weldpool stability and result in improved welds on aluminum. The authors' assessment is that the best results are obtained using plasma suppression and beam focus below the surface to minimize plasma formation. However, irradiance has to be minimized to improve weldpool stability. This is discussed in more depth in a later section.
Beam Diameter and Part Fitup
Higher beam irradiance is obtained at smaller focused beam diameters which will result in faster weld speeds at the same weld penetration or deeper penetrations at the same welding speed for a given beam power. In practice, beam spot sizes are specified to allow for part fitup. For steel parts, spot sizes used for the welding of automotive components are often in the range of 0.75 to 1 mm. Consequently, welding efficiency is compromised to meet fitup tolerance. For the case of steel, full penetration high speed laser beam butt welding of thin sheets is a robust process yielding .
, .
high quality welds with minimal undercut and dropout.
Recent experience with aluminum and magnesium alloys indicate amuchnarrower range of process parameters to produce good welds [see [8] [9] [10] [11] [12] [13] [14] . High beam irradiance (>1 MVlcm-z) is necessary to weld aluminum but dropout and poor surface weld quality tend to result. The tendency to form holes from dropout increases as the material thickness decreases and the beam diameter increases [8] . The above observation is consistent with a molten pool that has low surface tension and viscosity. Dropout is more likely with a lower surface tension liquid whereas weldpool stability decreases with lower viscosity. In the COZ butt welding of magnesium sheets, incomplete joining of the two interfaces occured Iiequently [14] . It appeared that, with magnesium having the highest oxidation potential of the metals considered here, the oxide layers prevented fusion of the interfaces. Good welds were obtained but were very sensitive to process parameters. Welding with a pulsed Nd:YAG beam with higher peak irradiances that help breakup the oxide layer did not exhibit the same problem. Although magnesium had substantially higher absorptivity for C02 beams than aluminum, the slightly lower surface tension and viscosity values resulted in narrower process parameter windows for good welds. However, the lower threshold irradiance resulted in improved surface weld quality when good welds are obtained for the case of C02.
Equation (1) indicates that threshold irradiance can be reduced by increasing the metal's absorptivity using Nd:YAG beams compared to C02. Martukanitz, et al. have found that good quality welds on aluminum are easier to obtain using Nd:YAG lasers compared to COZ[l 1]. Magnesium is also easier to weld with Nd:YAG beams [14] . Equation (1) also indicates that increasing the beam diameter will also decrease the threshold irradiance [8] . However, the inverse relationship of the threshold irradiance to beam diameter and the constraint in the practical range of beam diameters do not produce as substantial effect as increasing the absorptivity. Consequently, no significant increase in weld quality by increasing spot size has been observed [8] .
Welding of Any Metal
The discussions above have focused on the interaction of process parameters and thermophysical properties of the metal and their effixx%on weld quality. Analysis of the results of published laser beam welding data indicates that the weldability of a metal and the required process pammeters can be predicted. Table 1 lists several metals that cover abroad range in thermophysical properties relevant to the welding process. The properties for the prediction of the threshold irradiance for melting are listed. J~M is determined from the value of cdvd. For a 600 pm spot size and welding speed of 8.47 cm s-l, the theshold irradiances for melting for the different metals are computed and listed in the bottom of the table. Absorptivities of metals tend to increase with temperature and with the roughness or impurity of the surface [20] . Metals have a higher absorption for shorter wavelength beams and the absorptivities for the NdYAG beam are significantly higher than that for C02. Values of absorptivities at the melting point are not readily available in the literature and comparisons of the values computed in Table 1 are based on the absorptivities listed which are not necessarily at the melting point. These values serve as lower bounds for irradiances necessary to weld [5] . Higher irradiances zwenecessary for deeper penetration and to overcome the constraints of optics with short depth of focus. In addition, an irradiance of >0.5 MW cm-z is necessary to maintain a keyhole [6] . Equation (1) for the threshold irradiance shows that high irradiances (>lMW cm-z) are required for a metal with high values of the thermal conductivity and melting point, high welding speed and small spot sizes, and low values of the absorptivity. Consequently, irradiances over 1 MW cm-z are necessary to weld aluminum and copper with the C02 laser and lower irradiances are required when the Nd:YAG laser is used. Zinc, on the other hand is a low melting point metal and requires an irradiance cc lMW cm-z to melt. Keyhole welding (irradiances >0.5 MW cm-z) would be . difficult as rapid vaporization and spatter would occur. Vanadium has the highest melting point of the metals listed but the irradiance is aided by the low thermal conductivity and higher absorptivity compared to aluminum. Keyhole or weldpool stability is important for the formation of high quality weld surfaces that have minimal humping or undercut. From the point of instability phenomenon, a more intense driving force coupled with a lower viscosity or surface tension liquid will tend to produce higher instability. Weldpool instability is driven by the beam irradiance. When high irradiance is applied to molten metals with low viscosity and surface tension, weldpool instability will tend to increase. Consequently, using C02 beams to weld aluminum and magnesium is problematic whereas the Nd:YAG beam with lower required irradiance can produce higher quality welds [11, 14] . With low viscosity and surface tension alloys, high irradiance tends to produce spatter, undercut, porosity and dropout. However, a narrow range of irradiance and process parameter values may -.-.
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